Abstract. We report the results from microstructural and magnetic measurements on 40 keV Tb implanted ZnO single crystals. RBS and channeling measurements for 6.7 × 10 14 cm -2 implanted ZnO showed that around 85% of the Tb atoms occupied Zn substitutional lattice sites. Annealing at 650 o C had a small effect on the Tb location where only 81% of the Tb atoms were located at substitutional lattice sites. Energy-filtered TEM micrographs showed that the Tb atoms were located at an average depth of ~15 nm. Raman spectroscopy results indicated that annealing resulted in a reduction in the implantation induced disorder in the ZnO lattice. Room temperature ferromagnetic order was observed in ZnO:Tb annealed at 650 o C. Superparamagnetic behavior was observed with an average blocking temperature of ~40 K for high Tb concentrations and a distribution in the blocking temperature for low Tb concentrations.
INTRODUCTION
Dilute magnetic semiconductors (DMSs) are a group of materials with potential to revolutionize the semiconductor industry and lead to applications that include integrated electronic and magnetic memory [1] . Wide band gap semiconductors GaN and ZnO have attracted significant attention due to the predicted room temperature ferromagnetism [2] . ZnO has several advantages over GaN which include large exciton binding energy (~60 meV) as compared to ~25 meV for GaN, better radiation resistance and availability of high quality substrates. This has led to increased reports from experimental studies that are primarily focused on transition metal doped ZnO [3] . A report of very high magnetic moment (4000 ȝ B per ion) in gadolinium (Gd) doped GaN [4] resulted in increased studies of rare-earth (RE) elements as a potential source of magnetism in DMSs. Potzger et al. [5] reported ferromagnetic order in ZnO single crystals which has stimulated research into the use of rareearths in ZnO to produce DMSs.
The origin of ferromagnetic order in DMS systems is often debatable. Ferromagnetic order has been reported in various RE doped ZnO systems such as ZnO:Ce [6] , ZnO:Nd [7] , ZnO:Eu [8] , ZnO:Gd [5, 9, 10] , ZnO:Tb [11, 12] , and ZnO:Er [13] . However, Ney et al. [14] only observed paramagnetic behavior from isolated Gd ions contrary to ferromagnetism observed in ZnO:Gd [5, 10] , and the authors supported their experimental results with DFT calculations. They reported that the Gd atoms are more likely to aggregate at interstitials as the doping concentration increases. This can lead to phase separation and segregation that can affect the magnetic properties. For example, Zhou et al. reported ferromagnetic order in Tb implanted ZnO single crystals originating from Tbnanoclusters [11] . Monteiro et al. reported that Tb is less likely to occupy substitutional lattice sites when compared with Tm and Er [15] . In this paper, we present the results from microstructural and magnetic measurements on Tb implanted ZnO.
EXPERIMENTAL PROCEDURE
40 keV Tb ions were implanted into commercially available hydrothermally grown ZnO (0001) from Semi-Wafer Inc. using a low energy ion implanter [16] . The implanted Tb fluences ranged from 6.7 × 10 14 to 1.1 × 10 16 cm -2 resulting in 0.7 to 7.4 at.% Tb in the near surface region of ZnO. DYNAMIC-TRIM [17] calculations show an average implantation depth of 12 nm and maximum depth of 25 nm. The implanted samples were subsequently annealed at 650 o C in a vacuum chamber for 30 minutes with a base pressure of 1x10 -7 mbar. Transmission electron microscopy (TEM) measurements were made to probe the microstructure and elemental composition. Rutherford backscattering spectrometry and channeling (RBS/C) analyses were carried out to estimate the crystalline quality after implantation and annealing using a collimated 2 MeV He + beam [18] . Structural modifications before and after annealing were investigated at ambient temperature using a Jobin-Yvon LabRam micro-Raman system. An Ar + laser with a wavelength of 514 nm was used as the excitation source and the spectra were collected in the backscattering geometry with a liquid nitrogen cooled charge coupled device detector. A Quantum Design superconducting quantum interference device (SQUID) was employed to study the magnetic properties of the films.
Results and Discussions
The effect of Tb implantation and annealing on the ZnO crystal structure was assessed using RBS/C. Figure 1 The RBS/C results for Tb fluences 6.7 × 10 14 ions cm í2 are different from those observed when Gd is implanted into ZnO. For example, in as-implanted ZnO:Gd almost 100% [19] of the atoms occupy substitutional lattice sites, whereas in ZnO:Tb only 85% of the Tb atoms were found at substitutional sites. Annealing has a profound effect on ZnO:Gd and it resulted in around 78% of the Gd atoms residing at substitutional lattice sites. In ZnO:Tb, annealing had a small effect where the fraction of substitutional Tb atoms decreased from 85% to 81%. Miranda et al. [20] reported that the rapid thermal annealing of Pr and Eu into ZnO epitaxial layers resulted in out-diffusion of rare-earth atoms into random interstitials which are likely to form clusters. The small reduction in the fraction of Tb atoms in substitutional lattice sites after annealing suggests that annealing is unlikely to induce a major re-arrangement of Tb atoms, however, the formation of Tb nanoparticles cannot be completely overruled. The site location of some other rare earth atoms in ZnO was reported by Monteiro et al. [15] where
implanted and 650 o C annealed ZnO single crystal. The jump-ratio is an elemental map obtained from the ratio of two images recorded by selecting before and after ionization edge of the element of interest. The HAADF-STEM image shows that the implanted region is up to ~ 25 nm as shown in the Fig. 3(a) . The HAADF-STEM is particularly useful to identify the high Z elements in light matrix and can distinctly be used to identify Tb atoms in ZnO matrix. The EFTEM micrograph in Fig. 3(b) shows that the Tb atoms are primarily located in the implantation region at an average depth of 15 nm. The Zn jump-ratio in Fig. 3(c) shows a uniform Zn distribution across the layer. The Tb EFTEM micrograph in Fig. 3(b) suggests that there are Tb-rich clusters similar to those observed in Gd implanted and annealed ZnO [10] .
The structural properties of Tb implanted ZnO were further characterized by Raman spectroscopy. The Raman spectra obtained for un-implanted, 6. A broad peak from 520 to 600 cm í1 with distinct peaks at around 576 cm í1 is observed in all asimplanted ZnO:Tb samples (see Fig. 4(a)-(c) ). The Raman peaks at around 576 cm í1 are attributed to the ZnO A 1 (LO) mode. The broad peaks in the 520 to 600 cm í1 region were significantly reduced after annealing as can be seen in Fig. 4(d) where annealing leads to spectra that are similar to un-implanted ZnO. Figures  4(d)-(f) suggest that the annealing of the ZnO:Tb samples at 650 o C leads to recovery of the implantation induced disorders in ZnO matrix. Similar behavior was also observed in Gd implanted ZnO single crystals [19] . Broad peaks in the 520 to 600 cm í1 region are often reported in ion implanted ZnO [21] [22] [23] and they appear to match the phonon DOS in disordered ZnO. Furthermore, intrinsic defects, mainly oxygen vacancies, are believed to enhance the Raman scattering from the whole Brillouin zone, and the A 1 (LO) peak is believed to be enhanced by resonant Raman scattering [22] .
The field dependent magnetization from 6.7 × 10 14 , 3.9 × 10 15 and 1.1 × 10 16 Tb cm í2 implanted and 650 o C annealed ZnO single crystals are presented in Fig.  5 . Ferromagnetic order is clearly observed in these samples. We note that there was no evidence for ferromagnetic order in the unannealed crystals, which shows that annealing at 650 o C is required to induce ferromagnetic order. The high field magnetization, M S , at 5 K for 6. , respectively, where magnetic moments were divided by the substrate volume with coercive fields of ‫003‬ Oe. Field dependent magnetization measurements at 300 K (not shown) showed that the ferromagnetic ordering temperature is above 300 K.
FIGURE 5. M(H) curves for Tb implanted and 650
o C annealed ZnO single crystals. SQUID measurements were performed at 5 K.
The low field temperature dependent magnetization data for the 3.9 × 10 15 and 1.1 × 10 16 Tb cm í2 implanted and 650 o C annealed ZnO samples are shown in Fig. 6 . The zero-field-cooled (ZFC) magnetization from the 1.1 × 10 16 Tb cm í2 implanted and annealed ZnO crystal increases with increasing temperature up to ~40 K and then it decreases and the ZFC and field-cooled (FC) magnetization data overlap above ~40 K. The FC and ZFC results indicate that superparamagnetic behavior occurs in ZnO:Tb and it arises from small nanoparticles where the blocking temperature is ~40 K. The FC magnetization data continues to increase below ~40 K and this can be attributed to paramagnetism from isolated Tb ions. The ZFC and FC data from the 3.9 × 10 15 and implanted and 650 o C annealed ZnO crystal shows similar behavior. However, in this case the ZFC and FC curves separate at ~300 K, which indicates that there is a distribution in the nanoparticle sizes and this leads to a distribution in the blocking temperature.
FIGURE 6. FC and ZFC magnetization curves for Tb implanted and 650
o C annealed ZnO single crystals. The applied magnetic field was 100 Oe.
The superparamagnetic behavior observed after Tb implantation and annealing is unlikely to arise from Tb, Tb 2 O 3 or TbZn nanoparticles. This is because Tb has a Curie temperature of 237 K [24] , Tb 2 O 3 has a Neel temperature of between 2 K and 7 K [25, 26] and TbZn has a Curie temperature of ~204 K [27] . All of these temperatures are below the ferromagnetic ordering temperature of >300 K that we observed after Tb implantation and annealing. However, small nanoparticles from other Tb-rich complexes can also contribute towards superparamagnetism around 300 K. Wu et al. [12] also reported room temperature ferromagnetism in polycrystalline Tb doped ZnO films, which they attributed to defects present in the films. Other studies on ZnO have reported that the ferromagnetic order is related to Zn vacancies [28, 29] . Our results suggest that the superparamagnetism in Tb implanted and annealed ZnO crystals could be due to clusters of point detects. Similar trend was also observed in Gd implanted and annealed ZnO [30] , which implies that Gd or Tb compounds are less likely to give rise the ferromagnetism in our samples. Carrier mediated exchange mechanism [2] appears to be a likely mechanism for room temperature ferromagnetic order observed in Tb implanted and annealed ZnO. The RBS/C results suggest that for low fluences implanted ZnO the majority of Tb atoms are located at substitutional lattice sites even after annealing the samples at 650 o C. A long range exchange interaction can occur in substitutionally located Tb ions as proposed for DMS systems [2] . The origin of room temperature ferromagnetic order in ZnO:Tb remains rather unclear and is often assigned to the defects present in ZnO films [11, 12] . It requires further investigations using powerful characterization techniques such as synchrotron XRD, element specific X-ray magnetic circular dichroism (XMCD) and ferromagnetic resonance (FMR) in order to elucidate the ferromagnetism in ZnO:Tb.
In summary, RBS/C results showed that around 85% of the Tb atoms occupy substitutional lattice sites in low fluence Tb implanted ZnO crystals and annealing at 650 o C had no large effect on the Tb site location with 81% atoms still remain at substitutional lattice sites. TEM measurements showed that there is possibly a distribution in the Tb concentration. Disorder-induced peaks were observed in the Raman data after implantation and they were nearly suppressed after annealing at 650 o C. Superparamagnetic behavior was observed up to at least 300 K after annealing and it cannot be attributed to Tb, Tb 2 O 3 , or TbZn nanoparticles. It is possible that the superparamagnetism arises from defect clusters.
